Abstract Although particulate matter (PM) is composed of various chemicals, investigations regarding the toxicity that results from mixing the substances in PM are insufficient. In this study, the effects of low levels of three PAHs (benz [a]anthracene, benzo[a]-pyrene, and dibenz [a,h]anthracene) on Ni toxicity were investigated to assess the combined effect of NiPAHs on the environment. We compared the difference in cell mortality and total glutathione (tGSH) reduction between single Ni and Ni-PAHs co-exposure using A549 (human alveolar carcinoma). In addition, we measured the change in Ni solubility in chloroform that was triggered by PAHs to confirm the existence of cation-p interactions between Ni and PAHs. In the single Ni exposure, the dose-response curve of cell mortality and tGSH reduction were very similar, indicating that cell death was mediated by the oxidative stress. However, 10 lM PAHs induced a depleted tGSH reduction compared to single Ni without a change in cell mortality. The solubility of Ni in chloroform was greatly enhanced by the addition of benz [a]anthracene, which demonstrates the cationp interactions between Ni and PAHs. Ni-PAH complexes can change the toxicity mechanisms of Ni from oxidative stress to others due to the reduction of Ni 2? bioavailability and the accumulation of Ni-PAH complexes on cell membranes. The abundant PAHs contained in PM have strong potential to interact with metals, which can affect the toxicity of the metal. Therefore, the mixture toxicity and interactions between diverse metals and PAHs in PM should be investigated in the future.
Introduction
Particulate matter (PM), a mixture of solid or liquid matter found in the air, has gained considerable attention as a major air pollutant in recent years. The small size of PM, such as PM2.5 (aerodynamic size \ 2.5 lm), can reach alveoli and cause lung diseases such as coughs, asthma, and lung cancer (POPE III 2000) . The annual average PM2.5 concentration from 2006 to 2011 in Seoul (the capital of South Korea) was 27 lg/m 3 , which is higher than the annual mean established by the WHO (10 lg/m 3 ) (Lee 2014) and indicates a high level of PM exposure. The prime criteria for preventing the adverse effects of PM are based on the mass concentration, but recent research has shown that the chemical composition of PM can be a more important factor for determining PM toxicity than mass concentration (Yang et al. 2016; Dergham et al. 2015; Steenhof et al. 2011) .
PM is composed of diverse chemicals such as inorganic sulfates and nitrates, black carbon, metal, organic compounds, and others. The adverse health effects of inorganic sulfates and nitrates are insignificant despite high concentrations in PM. However, metal and organic compounds, especially polycyclic aromatic hydrocarbons (PAHs), are considered to play an important role in PM toxicity (WHO and UNAIDS 2006) . The primary toxic effect of metals is that they generate oxidative stress that is mediated by reactive oxygen species (ROS) production (Kim et al. 2015) , whereas PAHs cause genotoxicity and carcinogenicity through the metabolic activation of PAHs (Valavanidis et al. 2008) . However, the exposure to metals and PAHs occurs concurrently because they both compose PM, and the toxicity mechanisms of individual metals and PAHs work differently in the human body but can affect each other biologically and chemically.
Several studies have reported the interactions between metal and PAHs and their effect on the toxicity to aquatic organisms (Gust and Fleeger 2006; Gauthier et al. 2015) , microalgae (Wang et al. 2013) , bacteria (Xiao et al. 2007) , and human cells (Muthusamy et al. 2016a, b; Honda et al. 2017) . The metal-PAH mixtures showed the synergism, additivity, and antagonism effects depending on the chemicals and organisms tested (Gauthier et al. 2014 ). This research revealed that the co-exposure of metal-PAHs has an influence on the uptake of chemicals (Xiao et al. 2007; Gust and Fleeger 2006) , antioxidant responses (Wang et al. 2013; Muthusamy et al. 2016b; Gauthier et al. 2015) and the metabolic activation of PAHs (Benedetti et al. 2007 ). The combined effects of metalPAHs were induced not only by the biological responses to the toxicity mechanisms of metals and PAHs but also by the chemical interactions between metal-PAHs. A cation-p interaction includes noncovalent bonding between a cationic compound (i.e., metal) and an electron-rich p system is formed by aromatic compounds (Ma and Dougherty 1997) . It has been reported that cation-p interactions can cause fluctuations in chemical bioavailability (Xiao et al. 2007; Tao et al. 2015; Gauthier et al. 2014) . Therefore, investigations of the toxicity of metal-PAH mixtures should consider both the changes in biological effects and the chemical interactions between metals and PAHs.
Nickel and heavy PAHs are the important chemicals in PM. Ni is a naturally abundant element and it is widely used in industrial activities such as electroplating, welling, refining, and alloy production. Ni is a carcinogenic compound and it has been established that Ni in PM is associated with an increase in respiratory and cardiovascular disease and morbidity (Zhang et al. 2009; Lippmann et al. 2006) . The bioaccessiblity of Ni in PM is approximately 30-100%, which is much higher than other metals (Voutsa and Samara 2002) . Reported Ni concentrations in PM range from tens to hundreds of ng/m 3 (Kasprzak et al. 2003) . PAHs are primarily generated by the incomplete combustion of coal, oil, and wood. Some PAHs are classified as carcinogens and correlations between lung cancer and PAHs have been reported (Moorthy et al. 2015) . The characteristics of PAHs vary depending on the PAH species. Generally, PAHs with a heavier molecular weight (e.g., benzo[a]pyrene, benz [a] anthracene and dibenz [a,h] anthracene) are more easily sorbed to particles than light PAHs due to low vapor pressure (Abdel-Shafy and Mansour 2016). The reported concentrations of individual PAHs are lower than Ni, ranging from a few to tens of ng/m 3 (Abdel-Shafy and Mansour 2016; Ravindra et al. 2001) .
In this study, Ni and three PAHs (dibenz [a,h] anthracene, benzo[a]pyrene, and benz[a]anthracene) were selected as the major toxicants in PM. To assess the combined effect of Ni-PAHs, the mixed ratio between Ni and PAHs is important to constrain because their combined effect can differ based on the mixture ratio (Jensen and Krøkje 2008) . Considering the environmental concentration range, the effect of no effect level PAHs (10 lM) to Ni toxicity was evaluated. The cytotoxicity and oxidative stress were measured after the exposure to Ni and an NiPAHs mixture using A549 (human alveolar carcinoma cell). The chemical interactions (especially the cationp interaction) of Ni-PAHs were also confirmed in the chemical experiment. Finally, we discuss the possible toxicity mechanisms induced by the co-exposure of Ni-PAHs based on the observed biological and chemical results and the indicators that can be used to predict the occurrence of cation-p interactions between metals and PAHs.
Materials and methods

Materials
An Ni(II) aqueous stock solution was prepared by dissolving nickel chloride hexahydrate (NiCl 2 Á6H 2 O, C 96%) (Showa Chemical, Japan) in deionized water (DW). Benz [a] anthracene (BaA, C 99%), benzo[a]-pyrene (BaP, C 96%) (Sigma-Aldrich, USA) and dibenz [a,h] anthracene (DBahA, C 99%) (Cerilliant, USA) were diluted with dimethyl sulfoxide (DMSO, C 95%) (Sigma-Aldrich, USA). Prior to exposure to cells, the pre-diluted Ni solution of the desired concentration was mixed with fresh cell culture media in the ratio of 1:9. PAH stock solutions were also mixed with fresh cell culture media by maintaining the final concentration of DMSO within 1% (v/v) just before conducting the bioassay.
Cytotoxicity
Cell culture
The A549 (human alveolar carcinoma) cell line was obtained from the Korea Cell Line Bank and was used in all cytotoxicity experiments. The cells were cultured in the Roswell Park Memorial Institute medium (RPMI) (Lonza, Switzerland) with 5% fetal bovine serum (GIBCO, USA) and 1% penicillin-streptomycin (GIBCO, USA) solutions to prevent bacterial contamination of the cell cultures. Cell culture media were changed every other day. A subculture of cells was conducted every 2 or 3 days after reaching 80% confluence. The cells were incubated in a humidified CO 2 incubator at 37°C in 5% CO 2 .
For the cytotoxicity experiment, the A549 cells were seeded in 96-well cell culture plates and 6-well cell culture plates at 4 9 10 4 and 4 9 10 5 cells/well, respectively. The passage numbers of cells used in all bioassays were below 20 to obtain consistent results. After 24 h, the cell culture media were carefully removed and the chemicals mixed with cell culture media were gently exposed to A549. Exposed cells were kept in the CO 2 incubator at 37°C in 5% CO 2 for 24 h.
Cell mortality
Cell death was measured using a WST-1 assay. Red-colored, water-soluble tetrazolium salt in Premix WST-1 solution (Takara Bio Inc., Japan) can change to orange-colored after exposure to mitochondrial dehydrogenase, which is only active in living cells. After 24 h of exposure, the cells in the 96-well cell culture plates were washed in each well using Dulbecco's Phosphate-Buffered Saline (DPBS) (Lonza, Switzerland), and the diluted WST-1 solution with added RPMI (with a ratio of one to ten) was added to each well under shaded conditions. After the 2 h period of post-incubation in a CO 2 incubator, the absorbance (ABS) was measured at 440 and 690 nm using a microplate spectrophotometer (Bio-Tek, USA). Cell death was calculated using the following equation:
Oxidative stress level
The decreased level of intracellular total glutathione (tGSH) represents the oxidative stress level within the cell. tGSH was analyzed using a Glutathione Assay Kit (Sigma-Aldrich, USA). tGSH was determined by measuring the total amount of glutathione (GSH) and glutathione disulfide (GSSG). The treated A549 cells that had been incubated in the 6-well cell culture plates were trypsinized and pelleted by centrifugation at 6009g for 5 min. The cell pellets were resuspended in an adequate amount of 5% 5-sulfosalicilic acid. Freezing and thawing of the cells were done using a water bath and liquid nitrogen up to 3 times. After centrifugation at 10,0009g for 10 min, the supernatants were used for the quantification of tGSH, and the cell pellets were used for the quantification of proteins. The supernatants and GSH standard solution were added to the well plate. Then, a mixture of glutathione reductase (GR) and 5,5 0 -dithiobis (2-nitrobenzoic acid) was injected into the supernatants and GSH standard solution. After incubation at room temperature for 5 min, 50 lL of nicotinamide adenine dinucleotide phosphate solution was added to start the GR reaction. The concentration of tGSH was determined by kinetic measurement for 5 min using microplate spectrophotometer at 412 nm. The decreased level of tGSH was calculated using the method that was used for measuring cell death.
Protein quantification
For normalizing tGSH concentrations to protein concentration, the amount of protein was quantified using a Bradford assay that used a Protein Assay Dye Reagent Concentrate (Bio-Rad, USA). Cell pellets and bovine serum albumin (a protein standard) were dissolved in 0.5 N NaOH solutions. Then, 10 lL samples were added into each well of the 96-well plate, followed by the addition of 200 lL diluted dye reagent solution. After maintaining the mixture at room temperature in the dark for 5 min, the absorbance at 595 nm was measured using a microplate spectrophotometer.
Saturation solubility of nickel
To confirm the chemical interactions between Ni and PAHs, the saturation solubility of Ni in chloroform (C 99.8%, Sigma-Aldrich, USA) was analyzed. The saturation solubility experiment was conducted following the methods of Qu et al. (2007) with slight modification. 1,2,4-Trichlorobenzene (1,2,4-TCB, C 99%) (Sigma-Aldrich, USA) and naphthalene (NAPH, 99%) (Sigma-Aldrich, USA) were used as negative controls. One hundred ppb of Ni was dissolved in DW and aromatic compounds were diluted to the desired concentration with chloroform. Fifteen milliliters of both the Ni and aromatic compound solutions were mixed into a 40-mL amber glass vial. After vortexing for 5 min, the mixtures of Ni and aromatic compounds were shaken using a shaking incubator for 3 h at 170 rpm and 25°C. Based on preliminary experiments, 3 h was a sufficient amount of time to reach equilibrium. The Ni and aromatic compound solutions were allowed to separate for 1 h. Then, 10 mL of chloroform was extracted from the amber vial using a syringe and was transferred into a new amber vial that contained 10 mL of 2% HNO 3 (70% HNO 3 was diluted using DW, Sigma-Aldrich, USA) as a stripping solution. Afterward, the extracted chloroform in the new vials was vortexed for 5 min, followed by shaking for 3 h at 25°C and 170 rpm to reach equilibrium. Then, the mixture of extracted chloroform and 2% HNO 3 was left to settle on the flat desk for 1 h to allow the separation of the 2% HNO 3 from the chloroform. Seven-milliliter supernatants of 2% HNO 3 were sampled using a syringe. The concentration of Ni 2? in 2% HNO 3 was analyzed using an inductively coupled plasma mass spectrometer (Agilent 7500ce, Agilent, USA).
Results and discussion
Cytotoxicity induced by a single compound
The results confirmed that cell death and oxidative stress were induced by exposure to Ni using A549 (Fig. 1) . The dose-response curve of cell mortality and total glutathione (tGSH) reduction shows Ni concentration-dependent toxicity and great similarity. The reduction of tGSH indicates severe oxidative stress in the cell. GSH is an important protective antioxidant that maintains redox condition in the cell. tGSH is the sum of GSH and GSSG, which is an oxidized form of GSH. When reactive oxygen species (ROS) are produced within the cell, GSH directly reacts with ROS and oxidizes as GSSG. GSSG can be reduced to GSH by nicotinamide adenine dinucleotide phosphate (NADPH), which is an important antioxidant mechanism in the cell. However, excessive ROS leads to the accumulation of GSSG within the cell. To maintain a redox equilibrium in the cell, GSSG is released from the cell and tGSH is reduced (Lu 2009 ). Therefore, the dose-dependent depletion of tGSH indicates that a significant amount of ROS was produced by Ni exposure to the cell. channel. Ni produces ROS in the cell through Fentontype reactions Kasprzak et al. 2003) . Ni-generated ROS has been demonstrated to be associated with DNA damage, carcinogenesis, apoptosis and other diseases (Das et al. 2008; Pulido and Parrish 2003 [a,h] anthracene (DBahA), there were no differences in cell mortality and tGSH at 1, 10, and 100 lM for all PAHs (data not shown). One hundred micromole is a maximum exposure concentration of PAHs due to their low solubility in DMSO and low mixing ratio of DMSO in cell culture media (1% v/v). Based on these results, 10 lM PAHs was selected as the no effect level to observe toxicity changes of Ni. The toxicity mechanism of the PAHs is totally different from the toxicity mechanism of Ni. Carcinogenesis is a major toxic effect of PAHs. PAHs, as lipophilic compounds, can pass through the cell membrane by passive diffusion (Moorthy et al. 2015) . However, parent PAH compounds are commonly considered as biologically inactive. Metabolites that are produced by the metabolism of PAHs (especially cytochrome P4501A (CYP1A) activation) make the PAHs toxic. PAH metabolites and DNA adducts that are induced by their reaction with DNA play a considerable role in PAH-related carcinogenesis (Moorthy et al. 2015; Gauthier et al. 2014) . Since the cytotoxicity of PAHs was not observed in this study, we interpret that 1, 10 and 100 lM of PAHs do not induce cytotoxicity on A549.
Combined effects on cellular response
During exposure to only Ni, there was a similarity in cellular response regarding mortality and tGSH reduction. Although exposure concentration of PAHs was at the no effect level, significant differences between mortality and tGSH reduction were induced by the co-exposure to Ni-PAHs (Fig. 2) . tGSH reduction decreased slightly compared to cell mortality for all PAHs. Especially in Ni ? BaA, considerable cell death occurred without a noticeable change in tGSH reduction. These results indicate that the no effect level of PAHs can change Ni toxicity mechanisms and cell death can be affected by toxicity mechanisms that are not associated with oxidative stress. Figure 3 shows the difference between the cellular response to Ni alone and to Ni-PAHs mixtures. Cell mortality was not affected by co-exposure, but tGSH reduction of the Ni-PAHs mixture was depleted after co-exposure compared to Ni alone. To gain a better understanding of the effect of PAHs on Ni toxicity, we calculated and compared the IC 10 (inhibitory concentration of 10%) of each response. IC 10 is a suitable indicator of the effect of PAHs on Ni toxicity because it is not only more realistic than no observed effect concentration (NOEC) (Perina et al. 2011 ), but it is also calculated from in vitro tests and is correlated with a median lethal dose (LD 50 ) that is derived from in vivo tests (Jover et al. 1994) . Using the IC 10 comparison, a small perturbation in cell mortality was detected between Ni and Ni-PAHs (Table 1) . In tGSH reduction, there was a marginal negative effect. The IC 10 of tGSH reduction increased significantly, approximately 3-6 times, when Ni and PAHs coexisted.
Much research on the mixture toxicity of metal and PAHs has reported a metal-induced inhibition of CYP1A enzymes (Benedetti et al. 2007 (Benedetti et al. , 2009 Gauthier et al. 2014; Jensen and Krøkje 2008) . However, the inhibition of CYP1A is insufficient to interpret the results of this study. CYP1A metabolizes PAH compounds through phase I reactions in the PAH detoxification pathway and produces genotoxic PAH metabolites. The down-regulation of CYP1A by metal leads to a decrease in PAHs metabolites, and the genotoxic effect is mediated by PAHs metabolites (e.g., antagonistic effect). Although it has been reported that the inhibition of CYP1A accompanies oxidative perturbations, such as an increase of heme oxygenase (HO-1) and the fluctuation of other antioxidant enzymes (Gauthier et al. 2014; Benedetti et al. 2007 Benedetti et al. , 2009 Muthusamy et al. 2016a) , there is a considerable difference in the exposure concentration of the mixtures used in previous studies and this study. Furthermore, previous studies did not investigate the amount of change of tGSH between Ni alone and the Ni-PAHs mixture (Benedetti et al. 2007 (Benedetti et al. , 2009 . Given the Ni toxicity mechanism, the difference between the cellular response of Ni and Ni-PAHs can be caused by the fluctuation of Ni uptake or ROS production. Chemical interaction is one of the factors that influences the mixture toxicity by affecting the uptake rate or free ion concentration of the toxicant (Tao et al. 2015) . Since the exposure concentration of PAHs was at no effect level, the toxicity of Ni should not change through the addition of PAHs if there is no interaction between the Ni and PAHs. Thus, the change in toxicity of Ni indicates that there were interactions between Ni and the PAHs. The complexation of metal and PAHs can be induced by cation-p interactions, which can affect the mixture toxicity (Xiao et al. 2007; Tao et al. 2015; Gauthier et al. 2014 ). Figure 4 indirectly shows Ni-PAH complexation. Ni is rarely dissolved in chloroform. However, Ni-PAH complexation can enhance the solubility of Ni in chloroform. BaA improved the Ni solubility in chloroform up to 72 times in 40 lM of chloroform. However, the solubility of Ni in chloroform was not affected by naphthalene (NAPH) or 1,2,4-trichlorobenzene (1,2,4-TCB). NAPH is a week pdonor and 1,2,4-TCB is a non-p-donor. No change in the solubility of Ni by the concentration of NAPH and 1,2,4-TCB indicates that NAPH and 1,2,4-TCB do not induce cation-p interactions. Unlike NAPH and 1,2,4-TCB, the significant increase in solubility of Ni by BaA implies that BaA combines strongly with Ni by strong cation-p interactions.
It is well known that free metal ions are more bioavailable than metals complexed with other chemicals (Gauthier et al. 2014; Van Leeuwen 2000) . Ni-PAH complexation results in a decrease of free Ni 2?
and Ni 2? uptake by the cell. In addition, ROS production can be reduced by inhibiting the Fenton reaction of Ni 2? . The reduced Ni 2? uptake and ROS production can cause a decrease in tGSH reduction. However, although the bioavailability of Ni 2? decreased, the cell mortality did not diminish. These results indicate that the Ni-PAH complex affects the cell mortality. Metal-PAH complexing promotes the accumulation of metal on the cell membrane and leads to cell membrane damage (Gauthier et al. 2014) . Therefore, the observed cell death during co-exposure to Ni and PAHs resulted from both ROS production by free Ni 2? and cell membrane damage by Ni-PAH complex.
Cation-p interactions can contribute to Ni toxicity at no effect level of PAHs. Several studies have revealed the effects of cation-p interactions on organisms such as cyanobacteria (Tao et al. 2013 (Tao et al. , 2015 and Escherichia Coli (Xiao et al. 2007 ). Since cation-p interactions have a non-negligible influence on the biological system, the possibility of predicting cation-p interactions between metals and PAHs can provide valuable insight into understanding the effect of PAHs on metal toxicity. The main driving force behind cation-p interaction is electrostatic interactions (Vijay and Sastry 2008; Mahadevi and Sastry 2012) , but other mechanisms such as charge transfer also contribute slightly to cation-p interaction (Aschi et al. 2002) . Therefore, the driving force can differ depending on the nature of cationic compound and the p system. In the case of metal-PAHs, the electrostatic interactions between metal cations and the quadruple moment of PAHs plays an important role in cation-p interaction. The nature of PAHs can be a qualitative guide to predict cation-p interactions (Ng et al. 1998) . Table 2 lists the potential indicators of PAHs for estimating the occurrence of cation-p interactions between metals and PAHs. Considering PAHs, cation-p interactions are largely controlled by the size and nature of the p system. The size of the p system of the PAHs is related to the number of double bonds, the molecular weight (M W ) and the molecular surface area (SAS). It is accepted that enhanced polarization that is associated with an increase in the p system of PAHs makes cation-p interactions stronger (Vijay and Sastry 2008; Mahadevi and Sastry 2012) . The quadruple moment (Q) of PAHs also involves the cation-p interactions, but its effect is relatively weak when the PAHs have more than four rings (Ng et al. 1998) . The quantum properties of PAHs (HOMO, LUMO and Dorb) are related to the charge transfer from aromatic HOMO to cation LUMO. Among the quantum properties, the aromatic HOMO shows a correlation with the amount of charge transfer (Aschi et al. 2002) . Together, the increase in ring number in PAHs may be a central factor that affects the cation-p interactions between metals and PAHs by expanding the number of double bonds, the M W and the SAS. Interestingly, all parameters are related to one another, including vapor pressure (V P ). The negative correlation between M W and V P suggests that heavy PAHs are sorbed on to particles more than light PAHs (Abdel-Shafy and Mansour 2016). Therefore, frequently detected PAHs in PM have a strong ability to interact with cationic metals through cation-p interactions, ultimately influencing metal toxicity.
This study revealed that a low concentration of PAHs can affect the toxicity of Ni through chemical interactions, especially through cation-p interactions. It is not a predictable consequence based on conventional knowledge regarding mixture toxicity. For instance, a general prediction model for mixture toxicity, such as concentration addition and independent action, can be applied in only higher than no effect level of the pollutants. However, we observed that the primary toxicity mechanism of Ni was changed from oxidative stress to another mechanism by adding a low concentration of PAHs. This study shows the important role of trace pollutants in the environment. The toxicity in mixture system cannot be Stogiannidis and Laane (2015) predicted by the toxicity mechanism of a major compound, even though other pollutants have very low concentration. Thus, further studies are needed regarding the toxic effects and chemical interactions between major and trace pollutants such as metals and PAHs.
Conclusion
This study investigated the effect of no effect level PAHs on the toxicity of Ni using a human alveolar carcinoma cell A549 and chemical interactions between Ni and PAHs. The total glutathione reduction by Ni was highly decreased by PAHs, whereas there was no difference in cell mortality between Ni alone and Ni-PAHs mixtures. Chemical interactions, especially cation-p interactions, between Ni and PAHs were confirmed to reduce the bioavailability of Ni by inhibiting Ni transport through ion channels, leading to cell membrane damage through the accumulation of Ni-PAHs complexes in the cell membrane. This study shows that a no effect level of pollutants can affect the toxicity mechanisms of other chemicals through chemical interaction. Therefore, further studies are necessary to assess the toxic effects and chemical interactions of no effect level pollutants in the environment.
